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ABSTRACT. All-inorganic halide perovskites are promising materials for optoelectronic 
applications. The surface or interface structure of the perovskites plays a crucial role in 
determining the optoelectronic conversion efficiency, as well as the material stability. Thus far a 
thorough understanding of surface atomic structure of the inorganic perovskites and their 
contributions to their optoelectronic properties and stability is lacking. Here we show a scanning 
tunneling microscopy investigation on the atomic and electronic structure of CsPbBr3 perovskite. 
Two different surface structures with a stripe and an armchair domain are identified, which 
originates from a complex interplay between Cs cations and Br anions. Our findings are further 
supported and correlated with density functional theory calculations and photoemission 
spectroscopy measurements. The stability evaluation of photovoltaic devices indicates a higher 
stability for CsPbBr3 in comparison with MAPbBr3, which is closely related to the low volatility 
of Cs from the perovskite surface. 







In the past few years, all-inorganic metal halide perovskites have attracted attention due to 
better stability and rapidly increasing performance,1 making them suitable candidates for the 
development of high-performing optoelectronic devices with high stability.2-9 For example, 
CsPbBr3 was used to create highly sensitive x-ray and γ-ray detectors,10 while CsPbBr3 
nanowires was employed to create high-quality laser cavities.11-15 CsPbBr3 was also used in the 
fabrication of stable light-emitting diodes (LEDs) with high purity green color.16-18 Recently, the 
morphology and electronic properties of the interface layer of CsPbBr3 perovskite have shown to 
play a crucial role in the optimization of the device performance.19-22 Despite the clear influence 
of the interface, only a limited number of studies were performed to determine the structure of 
CsPbBr3 perovskite surface and its influence on the material properties. A better knowledge of 
the CsPbBr3 surface structure can enable more accurate band structure calculations, which can 
potentially lead to a better description of the interface properties in a device. A scanning 
transmission electron microscopy (STEM) study has shown that controlling the atomic packing 
at the grain boundary of CsPbBr3 nanocrystals could enable a better control of the charge transfer 
at the interface between the perovskite and other layers in the device.23 The high-angle annular 
dark field (HAADF) imaging by STEM relies on the atomic number of the element and does not 
allow observation of all the Br ions present at the surface due to the dominant signal of the Pb 
ions.23 Therefore, a full picture of the atomic scale structure of the CsPbBr3 surface is still 
lacking. Scanning tunneling microscopy (STM) is a powerful technique for determining the 
surface structure of perovskite materials with atomic scale precision.24-27 Additionally, 
ultraviolet- and inverse photoemission spectroscopy (UPS-IPES) are useful tools to reveal the 
electronic structure of perovskite materials.28-30 
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Here, by combining STM, density functional theory (DFT) and UPS-IPES, we determine the 
exact structure of the inorganic CsPbBr3 perovskite surface at the atomic scale and correlate it to 
the material electronic properties and stability. The objective of our research is to provide the 
explicit structural information of the inorganic perovskite surface/interface in order to provide a 
reliable basis for further in-depth understanding of the stability, charge transfer dynamics and 
other optoelectronic conversion related properties of the material. Our findings could potentially 
open new ways for engineering the inorganic perovskite device with tunable optoelectronic 
properties and high stability. 
 
Figure 1 CsPbBr3 surface topography. (a) Large scale topographic image of the CsPbBr3 film obtained by STM. Inset: profile 
taken along the red line in panel a, showing the step height of the perovskite material. (b) Magnified image of a). Two different 
reconstructions are observed at the surface of CsPbBr3, a “stripe” domain and an “armchair” domain (indicated by the white 
segments in b). Image parameters: a) Bias = +3.0 V, Current = 22 pA, size = 96 × 96 nm2; b) +2.0 V, 30 pA, size = 20 × 14.5 
nm2. 
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The CsPbBr3 perovskite films were grown on a clean Au(111) surface by dual source 
evaporation using CsBr and PbBr2 precursor molecules in an ultra-high vacuum (<10-9 Torr) 
environment (see Methods). Ultra-thin films with a thickness of about 4 ± 1 nm were prepared. 
The perovskite surface is atomically flat as can be seen in the STM image (Figure 1a), following 
a layer by layer growth mode. The top most layer is composed of interconnected grains with 
average diameter of 10 nm. The height of the islands is 5.3±0.3 Å (inset, Figure 1). In Figure 1b, 
a STM image with atomic resolution is shown. A close look at the topographic images reveals 
that the surface is composed of bright protrusions that are associated with bromine ions of the 
(010) surface of CsPbBr3, as will be shown later. This surface atomic layer contains also Cs, 
however Cs cations are not resolved in the STM topography images due to their lower density of 
states compared to the Br anions. The Br anions form pairs that are periodically arranged. Two 
distinct domains can be observed at the surface of the CsPbBr3 perovskite depending on the 
specific arrangement of the Br pairs (stripe and armchair domain in Figure 1b). The two domains 
occur in four different surface directions rotated by ±45°, ±90° with respect to each other (Figure 
S1). In Figure 1b a domain boundary between the stripe and armchair domains is resolved. At the 
boundary several defects occur, while the domains themselves are nearly defect free. 
To understand the origin of the two distinct CsPbBr3 domains (i.e., stripe and armchair) observed 
by STM, we performed first-principles DFT based calculations. For modeling the perovskite 
surface, we employed the ground-state orthorhombic crystal structure with the Pnma space group 
(see Methods). We find that the best agreement between experiment and theory is obtained for 
the (010) surface, which has only Cs and Br ions. Our calculations show that the bright 
protrusions observed in the STM images are the Br anions of the top CsBr surface layer. The Cs 
ions were not visualized in STM images due to their lower density of states compared to Br. The 
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two domains we observe can now be explained by two different surface reconstructions of the 
(010) surface. The reconstructions occur due to the solid-vacuum interface. 
 
Figure 2. The stripe reconstruction of CsPbBr3. (a) STM experimental image and simulated model. The white rectangle 
indicates the unit-cell of the stripe structure. (b) Line profile taken along the B vector of the unit-cell depicted in a. (c) Crystal 
structure model of the stripe domain, calculated by DFT. Brown balls represent Br ions, while green balls represent Cs ions. In 
the model the Br size have been artificially enlarged to highlight the Br pair formation (as observed in the experiment). The 
calculations show that the stripe structure originates from the alternation of short and long distance between neighboring Br pairs. 
Image parameters: a) Bias = +2.3 V, Current = 50 pA, size = 3.9 × 2.8 nm2. 
 
The stripe domain is depicted in Figure 2. The DFT calculations reproduce well the 
experimental STM images. The calculations show that the stripe domain of CsPbBr3 originates 
from the alternation of short and long spacing between the Br pairs (Figure 2b-c), in accordance 
with the spacing measured experimentally. Within a stripe the Br pairs are separated by 6.2 Å 
(short spacing), while between two stripes the distance that separates the Br pairs is 7.8 Å (long 
spacing). The alternation of these two different spacing values is the main cause of the 
reconstruction. This reconstruction possesses a rectangular unit-cell with the following lattice 
parameters, A = 7.3 Å, and B = 14 Å (white rectangle, Fig. 2a). The surface unit cell is 
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composed of 4 Br− and 4 Cs+ ions (black square, Figure 2c). Our calculations reveal that the Br 
pairs are formed by Coulomb interaction between the Br- and two Cs+ cations placed nearby.  
 
 
Figure 3. The armchair reconstruction of CsPbBr3. (a) STM experimental image and superimposed simulated model. The 
white square represents the unit-cell of the armchair structure. (b-d) Side view of the calculated CsPbBr3 armchair structure. 
Brown balls represent Br ions, while green balls represent Cs ions. In the model the Br size have been artificially enlarged to 
highlight the Br pair formation. The vertical positions of the Br and Cs ions are varying along the [101] direction, leading to the 
alternation of bright and dark rows in the experimental image. However, all the Br ions have the same vertical position in the [-
101] direction (c). Br ions are found with two distinct vertical positions, while three positions are found for Cs ions (d). Image 
parameters: a) Bias = +2.0 V, Current = 100 pA, size = 5.2 × 4.2 nm2. 
 
The armchair domain is depicted in Figure 3. The calculated STM image matches well the 
experimental one. The domain consists of the alternation of bright and dark rows of Br pairs. The 
bright and dark rows run along the [-101] direction of the sample. The armchair packing results 
from the uneven spacing between bright and dark rows along the [101] direction (5.6Å and 6.0Å). 
The calculations show that the bright and dark Br rows originate from a change in the vertical 
position of the surface ions (Figure 3b-d). In fact, two distinct vertical positions were determined 
for the Br− anions with a 23 pm difference, consistent with the contrast change observed in the 
STM image (Figure 3a). This change in the Br position is accompanied by a modification of the 
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Cs+ vertical position. Three different heights were determined for the Cs cations, labeled as up 
(U), middle (M) and down (D). The bright Br pairs are formed by the interaction with two 
surrounding Cs cations placed in an up vertical position. In contrast, the dark Br pairs result from 
the interaction with two Cs cations placed in a middle and down position respectively. The unit 
cell of the armchair structure is rectangular with the following lattice parameters: c = 11.8 Å, d = 
11.6 Å (white rectangle, Figure 3a). The motif of the unit cell consists of one up Br pair and one 
down Br pair with two Cs cations placed in an up position, one Cs in a middle, and one Cs in a 
down position (bottom of Figure 3a). The unit cell of the armchair structure is composed of 4 Br 
anions and 4 Cs cations, as in the stripe domain. Our DFT calculations show that the armchair 
domain is slightly less energetically favorable than the more compact stripe domain (Table S1, 
supplementary). Particularly, the calculated surface energy of the armchair surface is 0.0583 J/m2, 
higher than 0.0450 J/m2 of the stripe surface. We find that the refined structure optimization with 
the strict convergence criterion drives the armchair surface to transform to the stripe surface. 
This finding is coherent with the experimental observation, where the armchair domain was 
found to be less abundant than the stripe domain on the perovskite surface. The calculated 
distance between consecutive CsBr and CsBr planes is 5.69 Å. This distance corresponds well to 
the observed step height of the islands (5.3±0.3 Å), thus these can be assigned to a single layer of 
perovskite.   
 
In the following we compare the CsPbBr3 atomic structure to the previously observed 
CH3NH3PbBr3 structure,24,27,31 which contains the CH3NH3+ molecule at the A site of the ABX3 
perovskite structure instead of the Cs+ ion. Both perovskites crystallize in the orthorhombic 
structure exposing the (010) surface. MAPbBr3 (MA = CH3NH3) shows surface reconstructions, 
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which are explained by different orientations of the non-symmetric MA molecules which interact 
with the Br- cage. In the reconstructions the Br- ions are forming pairs and have all the same 
height (see Figure S2 in supporting information). For the spherically symmetric Cs+ we would 
thus expect only one type of reconstruction, as any rotation of the Cs+ ion would not lead to a 
different interaction with the surrounding Br- ions. However, two distinct domains can be clearly 
identified in CsPbBr3, with one (armchair domain) having even different heights of the Br- ions, 
in contrast to the MAPbBr3 surface. Protrusions with distinct heights have been observed 
previously for mixed halide perovskites, were the I- and Cl- had different heights compared to 
the Br-.31 However, in this previous study, the different heights were found to originate from the 
distinct chemical nature of the halides present at the surface (i.e. I-, Cl- and Br-). In the case of 
CsPbBr3, only one type of halide (Br-) is present at the surface. Although the different 
reconstructions for MAPbI3 can be electronically switched by applying a voltage pulse,26 we did 





Figure 4. Stability check of CsPbBr3 film and devices. (a-c) Evolution over time of the Pb 4f, Br 3d and Cs 3d spectra of 
pristine CsPbBr3, obtained by x-ray photoelectron spectroscopy (XPS) in an ultrahigh vacuum environment. (d) Device structure 
used for the stability test in e. (e) Evolution over time of the normalized power conversion efficiency (PCE) of a 
FTO/TiO2/CsPbBr3/spiro-OMeTAD/Au photovoltaic device. In both experiment (thin film in a-c, and device in d-e) a high 
stability of the CsPbBr3 perovskite was observed. 
 
All-inorganic perovskites have been reported to lead to a much higher device stability 
compared to its organic-inorganic counterpart.1-5 However, at present it is not clear what is the 
origin of the high stability reported for those materials. Our objective is to get further insights in 
the fundamental origin of this high stability of all-inorganic perovskites. First, we performed a 
stability test by following the chemical evolution over time of the CsPbBr3 film with XPS. Those 
measurements were performed in a well-controlled vacuum environment on a half-device 
architecture in order to get access to the intrinsic stability of the perovskite material, by 
excluding the influence of external factors such as humidity, or degradations related to the spiro-
OMeTAD hole transport layer. The quality of the perovskite film used for the stability test was 
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confirmed by x-ray diffraction measurements (Figure S3). The evolution over time of the Pb 4f, 
Br 3d and Cs 3d spectra of the CsPbBr3 film are displayed in Figure 4 a-c respectively. 
Surprisingly, the XPS spectra appear to be almost unaltered over a period of 224h. This result 
contrasts with our previous study on the degradation of MAPbBr3 perovskite film following a 
similar approach,31 where a low degree of oxidation peak Pb(0) was found after only 4h in the 
vacuum chamber (Figure S4). The appearance of Pb(0) peak is the signature of the material 
degradation. Here the absence of such a peak after 224h under the beam, demonstrates the much 
better stability of CsPbBr3 with respect to MAPbBr3, in accordance with the previous reports on 
single crystal and thin film samples.32 Additionally, X-ray beam damage was found to be 
minimal on a MAPbBr3 reference sample (Figure S4b). The higher stability observed for 
CsPbBr3 in a controlled vacuum environment without using any HTL suggests that the lower 
volatility of Cs species with respect to methylammonium significantly contributes to the superior 
stability of devices that use Cs-containing perovskite absorber layers. The higher stability 
observed for CsPbBr3 with respect to MAPbBr3 might also originate from the higher intrinsic 
stability of its two structural domains (i.e. armchair and stripe) as described earlier. This high 
intrinsic stability might prevent the desorption of the A cation in the photoactive material and 
thus explain the higher stability of devices based on all-inorganic CsPbBr3 perovskite with 
respect to devices based on hybrid organic-inorganic MAPbBr3 perovskite.     
In order to check the stability in real device operation, using CsPbBr3 films grown with the 
same protocol as for our XPS measurements, we followed the evolution of the power conversion 
efficiency (PCE) of a FTO/TiO2/CsPbBr3/spiro-OMeTAD/Au solar cell device, as a function of 
time (Figure 4d-e). A decrease of PCE was found during the first hour of operation, before it 
stabilizes to a reasonable value for over 1000 h under continuous operation. A typical current 
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density (J)-voltage (V) curve is given in Figure S5. Our measurements confirm the high stability 
of the CsPbBr3 perovskite and are consistent with previous reports in the literature. 
To get more insights on the electronic properties of CsPbBr3 material we have performed 
ultraviolet- and inverse- photoemission spectroscopy on a 200 nm-thick CsPbBr3 perovskite film 
grown on a c-TiO2/FTO substrate via solution processing (see Methods). The CsPbBr3 film was 
inserted in the vacuum chamber 24 h before the UPS and IPES measurements, in order to degas 
the sample thoroughly. The UPS and IPES data are plotted together in the top panel of Figure 5. 
Based on these results, we can determine that the bandgap is 2.3 eV, in good agreement with the 
previously reported value in the literature28.  The measured bands were further compared to the 
calculated partial density of states (PDOS) of CsPbBr3 perovskite, in the bottom panel of Figure 
5. The PDOS was extracted from the atomic structure of the CsPbBr3 armchair domain presented 
in Figure 3. The calculated PDOS reproduces well the valence and conduction band edges of the 
CsPbBr3 perovskite film. We determined that the valence band (VB) near the Fermi level is 
mainly determined by the Br 4p and Pb 6s orbitals. In contrast, the main contributions to the 
conduction band (CB) come from the Pb 6p and Br 4p states. The Cs states lie at a much higher 
binding energy of ~7.4 eV with respect to the Fermi level (w.r.t. EF) and does not contribute to 
the VB and CB edges near EF (Figure S6). A 4.72 ± 0.20 eV work function was measured for the 
CsPbBr3 film. This value is very close to the calculated work function of the CsPbBr3 armchair 
and stripe domains (i.e., 4.72 and 4.73 eV respectively, table S1). To characterize the local 
electronic properties of the CsPbBr3 perovskite we have also performed scanning tunneling 
spectroscopy (STS) on the vacuum deposited ultra-thin films presented in Figures 1-3. STS 
spectra are obtained by sweeping the bias voltage while recording the differential conductance 
(dI/dV) of the STM-sample junction. Such measurements allow determination of the local 
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density of states (LDOS) below the probe of the STM, with a lateral resolution down to the 
atomic level. The STS spectra obtained individually on the stripe and armchair domains are 
depicted in Figure S7. Surprisingly we find relatively similar electronic properties for both 
domains (i.e. stripe and armchair), despite their strong difference in term of structure. This is 
confirmed by the calculated PDOS of the two domains where only tiny differences can be 
observed (Figure S6). The local CsPbBr3 bandgap measured by STS are in good agreement with 
the macroscopic UPS-IPES measurements (2.5 ± 0.2 eV). Our accurate band structure 
calculations were based on the precise atomic structure of the CsPbBr3 surface determined by 
STM. Such precise determination of the band structure could allow a better prediction of the 
interfacial properties of CsPbBr3 perovskite, and may open new ways for device engineering. A 
possible future step of our work, would be to use our model of the perovskite surface to perform 
accurate theoretical prediction of the charge transfer properties at the interface of CsPbBr3 and an 




Figure 5. Valence and conduction bands of CsPbBr3 perovskites. Top panel: Experimental ultra-violet and inverse 
photoelectron spectroscopy (UPS-IPES) spectra of pristine CsPbBr3 perovskite. Bottom panel: Calculated PDOS of the CsPbBr3 
stripe domain. The thick curves represent the summation of all contributions of each orbital indicated by differently colored lines. 
The gray dashed line indicates the position of valence band and conduction band edges. 
 
In this study, using STM measurements combined with DFT calculations, we identified two 
different structures on the surface of the CsPbBr3 perovskite, a stripe domain and an armchair 
domain. The two surface structures originate from a complex interplay between the Cs cations 
and the Br anions. By performing a stability test on a half-device architecture in a well-controlled 
vacuum environment we get further insights into the origin of the high stability of all-inorganic 
perovskite with respect to its hybrid organic-inorganic counterpart. The high stability of CsPbBr3 
with respect to MAPbBr3 is partly related to the lower volatility of the Cs species in comparison 
to the MA cation. Our study on the origin of the CsPbBr3 exceptional stability could open new 
ways toward stable perovskite devices.   
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